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ABSTRACT 
Michael Dean Sierks: Rainwater Harvesting: Diversifying the Water Supply of the Coker 
Arboretum 
(Under the direction of Pete Kolsky) 
 
 The University of North Carolina, Chapel Hill (UNC) is considering a variety of 
measures to reduce flooding at the Coker Arboretum. As underground storage has been proposed 
as one recommended flood control measure by Rummel, Klepper, & Kahl LLP (RK&K) and 
Biohabitats Inc., this report explores the design of such storage to deliver external benefits of 
providing the arboretum with an auxiliary water supply for irrigation as well as reducing 
downstream nutrient loading. Historic rainfall data from 1947-2014 was used to analyze the 
performance of twenty four rainwater harvesting systems of varying capacity and location. 
Ultimately, the most cost effective system was determined to have 76 kgal capacity capable of 
replacing nearly 48% of annual arboretum irrigation demand with a 50 year present value cost of 
$575,000.  
Table 1a:  Summary of characteristics and performance for selected rainwater harvesting system 
Storage Volume 76 kgal 
Passive Drawdown Period Nov1-Dec31 
Drawdown Rate 27 gpm 
 
  
Rainfall 
(in) 
Annual Usage 
Replaced (kgal) 
Percent Annual 
Usage Replaced 
Annual 
Overflow 
(kgal) 
Annual Volume 
Captured (kgal) 
Percent Annual 
Runoff Captured 
AVERAGE 45.9 912 47% 404 913 70% 
STDEV 7.0 123 6% 143 123 7% 
 
Variable Value 
Capital Cost, CC  $         560,000  
Avg Annual O&M, FV  $                440  
Discount/Interest Rate, i 2.0% 
Project Lifetime, n (year) 50 
Present Value, PV  $         575,000  
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CHAPTER 1 : OVERVIEW 
Introduction 
 The Coker Arboretum is located on the main campus of the University of North Carolina, 
Chapel Hill (UNC). Established in 1903, the 5 acre botanical garden is home to hundreds of plant 
species and is open year round8. Historically, large storm events have washed out gravel 
walkways damaging the west entrance of the arboretum. Further, uncontrolled runoff collects in 
the adjacent well pump house parking lot and is retained by a 1.5’ brick wall8. The ponding of 
runoff results in damage to vehicles parked in this lot. UNC contracted consultants Rummel, 
Klepper, & Kahl LLP (RK&K) and Biohabitats Inc. to investigate flooding causes and propose 
solutions. One such recommendation was the implementation of underground storage.  
This report addresses the additional benefits of underground storage to replace 
conventional well water used for arboretum irrigation and reduce nutrient loading downstream. 
The work in this report seeks to: (1) review the nature of the flooding problem in the project 
area; (2) introduce rainwater harvesting systems; (3) design and analyze the performance of 
numerous systems with respect to augmenting the water supply of the Coker Arboretum and 
select the most cost effective option; and (4) generate a plan of implementation for the chosen 
solution. 
 Chapter 2 provides a summary of existing stormwater infrastructure as well as pertinent 
characteristics of the drainage area. Referencing the RK&K and Biohabitats Inc. report, a 
synopsis of pitfalls likely contributing to the flooding issue is presented. Finally, an introduction 
to rainwater harvesting systems is given. 
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 Chapter 3 discusses the process of selecting systems to undergo analysis, including 
determining drainage areas. Arboretum irrigation demand is modeled, historic rainfall dataset 
revealed, and methods of analysis described. System measurement metrics and their importance 
are elaborated on before resulting performance is discussed. Ultimately, a single system is 
chosen as the most cost effective solution for providing irrigation augmentation benefits and 
reducing nutrient loading downstream.  
 Chapter 4 details necessary steps for system implementation to be realized. This includes 
the project approval process, scheduling, pedestrian and vehicular disruption, resource 
requirements, and operation and maintenance costs.   
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CHAPTER 2 : PROBLEM IDENTIFICATION 
Introduction 
 This chapter defines the problem of flooding at the well pump house and west entrance of 
the Coker Arboretum. Characteristics of the drainage area and existing infrastructure are 
presented. Referencing a report written by consulting engineers Rummel, Klepper, & Kahl LLP 
(RK&K) and Biohabitats Inc., the causes of flooding are presented. Additionally, the report’s 
proposed interventions of regrading near stormwater inlets and the implementation of 
underground storage are discussed. Beyond providing background information on the flooding 
issue, the goal of this chapter is to introduce the concept of rainwater harvesting. This includes a 
brief description of fundamental mechanics as well as methods to measure system performance. 
Flood Damage  
The Coker Arboretum is located on the main campus of the University of North Carolina, 
Chapel Hill (UNC). Established in 1903, the 5 acre botanical garden is home to hundreds of plant 
species and is open year round8. Adjacent to the Morehead Planetarium, Coker Arboretum is 
bound by Cameron Avenue to the south and Raleigh Street to the east with various entrances 
along its perimeter. Historically, there has been damage to the west entrance of the arboretum as 
well as cars parked in the adjacent lot during large storm events8.  
As the arboretum is situated at the base of a hill, it receives runoff originating upstream 
which flows downhill towards it during storm events. Uncontrolled flow collects in a parking lot 
near the arboretum’s well pump house and floods vehicles during large enough storms. Runoff 
not collected in the parking lot or drainage inlets flows down the adjacent brick walkway and
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washes out the west arboretum entrance transporting gravel downstream15. Figure 2.1 presents a 
map of the arboretum and the surrounding area. The west entrance and well pump house location 
is given by a red circle in Figure 2.1. 
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Figure 2.1 Coker Arboretum seen with the west entrance and well pump house circled in red 
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Figure 2.2 looks southeast towards the well pump house and the adjoining wall and 
parking lot from the southeastern corner of Morehead Planetarium. This photo was taken on June 
30, 20138. According to data collected from station Chapel Hill 2W of the National Oceanic and 
Atmospheric Administration’s (NOAA) National Climate Data Center, located 1.7 miles east of 
the arboretum at 400 Jones Ferry Road in Carrboro, the return period for this 24 hour storm was 
10 years11.  
 
 
 
Figure 2.2: Runoff flowing over the wall in the well pump house parking lot. Looking southeast towards Howell 
Hall8 
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Site Characteristics 
 The drainage area in question is located in two subwatersheds, Battle-20 and Battle-21, of 
a much larger Battle Branch watershed. Figure 2.3 depicts the demarcations of the 
subwatersheds. Using GIS, the total and impervious area of each subcatchment was found. This 
information, as well as slope information provided by RK&K is in Table 2.1 below. Both have 
land cover composed of a combination of brick, paved concrete, and grass. Soil type is sandy 
loam soil with 2-6% slope as determined by the Natural Resources Conservation Services Soil 
Survey5.  
            Table 2.1 Characteristics of subcatchments Battle-20 and 214,15 
Subcatchment Area (ac) % Impervious Slope (ft/ft) 
Battle-20 1.4 60 0.05 
Battle-21 2.1 43 0.03 
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 Figure 2.3: Subcatchments Battle-20 and 21 in relation to Coker Arboretum with 
well pump house and west entrance as a red circle 
Flooding Area 
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University Efforts 
The University has taken several steps to investigate possible solutions to the flooding 
issue. As part of the development of Phase II of the University’s Stormwater Master Planning 
Study, a surface flow study was conducted by engineering consultants Rummel, Klepper, & Kahl 
LLP (RK&K) and Biohabitats Inc., to examine existing stormwater infrastructure. 
 While this study spanned across campus, a section focused on the area surrounding the 
arboretum. The courtyard between Alumni and Howell Halls draining into the arboretum from 
the west side was found to have several issues. Immediately downstream of the junction 
connecting the inlet at the well pump house to the main, the pipe connecting inlets 211-D-227 
and 211-D-225 was found to be undersized15. Figure 2.5 shows the modeled storm profile for the 
10 year 24 hour storm15. Inlet 211-D-221 at the pump house connects to this main pipe at inlet 
211-D-227. Backup from the undersized pipe is likely contributing to flooding at the well pump 
house15. Figure 2.4 depicts exiting pipe and inlet infrastructure. Pipes and inlets are displayed as 
green lines and boxes respectively. 
Upstream, a 221ft long main pipe connecting inlets 211-D-214 and 211-D-227 is listed as 
a 15” terra cotta pipe. However, the pipe diameter is only 15” for the first 78ft; beyond that it 
abruptly transitions to 12” for the remainder of the run. Roughly 13’ upstream of 211-D-227, the 
study found the pipe to be clogged with roots and debris15. The pipe connecting these two inlets 
also crosses over an existing pair of asbestos concrete chilled water lines. Any repair work on 
this section of the pipe may damage the chiller lines15. The removal of the constricted pipe would 
also require the removal of established tree roots in the arboretum and it is therefore the 
suggestion of RK&K and Biohabitats Inc. that UNC not attempt to repair this pipe.    
10 
 
 Alternatively, a series of improvements in the surrounding area is proposed. First, 
regrading of walkways and swales near existing inlets to ensure runoff enters into existing 
infrastructure. Pipe capacity is irrelevant if runoff never enters the infrastructure to begin with. 
Secondly, the addition of underground storage to decrease peak flows is recommended15. RK&K 
and Biohabitats propose several locations for underground storage. These locations will be 
examined in detail in Chapter 3. The report conducted by RK&K and Biohabitats Inc. declares 
that the addition of roughly 20,000 ft3 of storage, coupled with regrading to route flow into 
existing infrastructure will decrease peak discharge below the capacity of the 12” section of terra 
cotta pipe between 211-D-214 and 211-D-227. These improvements should decrease flooding 
and damages at the well house, the arboretum entrance, and downstream. 
 Beyond regrading and underground storage, there are several other stormwater best 
management practices (BMP) that may be appropriate. One such option is bioretention. 
Bioretention is the process of temporarily retaining runoff, mitigating downstream flow, and 
removing contaminants through the use of landscaped retention basins. Bioretention basins 
typically consist of a grassy depressed area with soils, sands, and mulches underneath to remove 
contaminants as water slowly infiltrates the basin floor. Basins typically have ponding depths of 
6” and stored water remains until it infiltrates into the soil or evaporates12. Another BMP that 
may be applicable is the implementation of vegetated swales. Vegetated swales are broad, 
slightly slope shallow channels lined with dense vegetation designed to catch particulate matter 
and reduce runoff velocity13. While many BMP options are available, this report will focus on 
the impacts of underground storage.  
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Figure 2.4: Map of existing stormwater infrastructure. Pipes are displayed as green lines with inlets as 
green boxes. West entrance and well pump house as red circle 
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Figure 2.5: Profile of existing main pipes running past the well pump house 15 
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Rainwater Harvesting 
 The University is interested in is using underground storage to capture runoff and 
decrease peak flows in the drainage area. Beyond decreasing damage to the arboretum west 
entrance, walkways, and vehicles, the captured runoff can be used for irrigation by arboretum 
staff. Rainwater Harvesting is the technical term for the stormwater BMP consisting of capture 
and reuse of runoff. 
 The main components of a rainwater harvesting system are: catchment area, storage tank 
(cistern), and a demand for captured water. Although some is lost to evapotranspiration, 
infiltration, and storage in surface depressions, most incident rain falling over the drainage area 
will flow into the cistern10. Rainfall outside of the catchment area, will flow elsewhere and not be 
captured. A catchment area is determined by topography and stormwater infrastructure. A cistern 
is the tank in which runoff is stored. Depending on the system, this can be above or below 
ground. Depending on the intent of the captured water, the size of the cistern varies. Large 
demands such as irrigation or chiller feed require larger storage than small demands on the 
individual household level. Additionally, depending on the intended use, some level of treatment 
may be necessary. Collected water for irrigation doesn’t require treatment, but water intended for 
toilet flushing likely will2.  
 Rainwater harvesting appeals to UNC for several reasons. First, routing runoff into 
underground storage decreases the volume of runoff downstream. As RK&K and Biohabitats 
Inc. proposed, the installation of cisterns should decrease peak flows and alleviate flooding 
damages downstream. Secondly, rainwater harvesting provides benefits that fall in line with 
UNC’s overarching sustainability goals3. Stormwater is a renewable water source that can help 
satisfy arboretum irrigation demand thus decreasing UNC’s reliance on its traditional well. 
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While rainwater harvesting does not provide a ‘drought resistant water source’, it diversifies the 
water portfolio and helps maintain higher levels in traditional ‘less renewable’ reservoirs. 
 Further, capturing runoff reduces the amount of nutrient loads which otherwise drain into 
surface water. Excess loading of nutrients such as nitrogen and phosphorus can promote 
excessive algae growth which can degrade the marine habitat and directly affect the health of 
fish and other aquatic life6. This is of particular concern during warm summer months with 
abundant sunlight. Capturing runoff and using it for irrigation reduces the amount of potentially 
harmful nutrients introduced to downstream surface water ecosystems.  
Additionally, decreasing the volume of runoff will help revert the drainage area towards 
predeveloped conditions. Predeveloped conditions are those under which the drainage area 
would have existed prior to human interference. Since construction of the first building in 1793, 
UNC has continued to alter drainage conditions of the existing watershed through the addition of 
impervious surfaces. One goal of low impact development (LID) construction projects is to 
preserve natural landscape features and minimize effective imperviousness to limit impacts on 
existing runoff conditions7. Despite their efforts, construction brings unprecedented changes to a 
drainage area. Rainwater harvesting will actually help return the drainage area towards its 
natural, predeveloped state through the capture of runoff and decrease of peak flow. 
 Rainwater harvesting system performance can be measured using many metrics 
pertaining to different intended effects. The most critical piece of data used in analysis is a 
historic rainfall dataset. Performance is measured using a continuous simulation of incoming and 
outgoing water. This is done at the timescale of the data, usually hourly or daily. Long data sets 
of at least 30 years duration are preferred so that large storms or severe droughts might be 
realized in the data3. Continuous simulations allow performance under specific conditions to be 
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observed. Additional information pertaining to performance simulation will be provided in 
Chapter 3.  
   Among many criteria exist for measuring flood mitigation performance, two are 
considered particularly applicable for this study: (1) overall percent annual runoff captured for 
controlled release; and (2) a comparison of post-implementation to predeveloped drainage 
conditions. Percent annual runoff captured is used to determine nutrient loading reduction. The 
North Carolina Department of Environment and Natural Resources (NCDENR) has developed a 
nutrient accounting tool to estimate the removal of nutrients by BMPs in various watersheds. 
When modeling the performance of a rainwater harvesting system, nutrient reduction is based off 
of the percent annual runoff captured9. This is particularly relevant for UNC because they are 
subject to the Jordan Lake Rules aiming to restore the water quality of the lake by reducing 
nutrient loading3. Note that there are many more metrics by which flood mitigation can be 
analyzed; however, this report focuses on other externalities of underground storage. Further 
exploration into flood mitigation should be performed before any such system is implemented.   
 The ability of the system to replace usage can also be assessed. The metric used is 
percent annual usage replaced. This can also be done for individual months to determine if the 
system has a tendency to overflow or run dry at particular times during the year. For this, it is 
important to have a clear understanding of the yearly, seasonal, monthly, and daily demand.  
 Each rainwater harvesting system is designed specifically for a unique drainage area and 
the intended goals. Some systems have the solitary goal of satisfying demand while others may 
only try to decrease peak flow. In line with UNC’s commitment to a sustainable campus, this 
report focuses on the ability of underground storage to provide cost effective benefits in 
replacing arboretum demand and reducing downstream nutrient loading, as measured by the five 
16 
 
metrics: (1) estimated cost, (2) percent annual arboretum usage replaced; (3) percent annual 
runoff captured & nutrient loading; (4) return to predevelopment conditions for specific design 
storms; and (5) frequency of cistern running dry.  
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CHAPTER 3 : SYSTEM DESIGN AND ANALYSIS 
Introduction 
 This chapter presents an array of possible rainwater harvesting systems keeping in mind 
the goals of providing the arboretum staff with an alternate irrigation source and reducing 
downstream nutrient loading. Various cistern locations are examined based on subdrainage areas 
within the entire watershed. For each location, several storage mechanisms and corresponding 
capacities are considered. Finally, performance for each system is analyzed using daily rainfall 
data obtained through NOAA National Climate Data Center. This chapter will provide insight 
into the modeling of arboretum demand as well as methods of system analysis including the 
Rainwater Harvester2.0 tool developed by NC State Department of Biological and Agricultural 
Engineering. This chapter discusses analytical methods, presents a range of solutions, narrows 
the list of possible solutions, and concludes with a final preferred alternative. 
Background 
Cistern Locations 
 Cistern locations and drainage areas are limited by the existing inlets, other infrastructure, 
and physical objects such as trees. The final system will connect to the stormwater main depicted 
as a yellow line in Figure 3.1; any flow joining at or downstream of junction 211-D-227 can’t be 
captured by the system. All stormwater inlets in Battle 20 drain directly to the junction at the 
pump house. As a result, Battle 20 is not included in any cistern drainage area. Battle 21 is 
broken down into areas that will be called Areas 1, 2, and 3 and are the watersheds for each 
proposed cistern location. Area 3 is the largest and encompasses both Areas 2 and 1 and nearly 
matches Battle 21. Slight differences exist between Area 3 and Battle 21 due to gutters and 
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building specific stormwater infrastructure that do not route flow to in main line. The depicted 
areas are based on proposed cistern locations presented by the RK&K report and initial 
suggestion by UNC Stormwater Engineer, Sally Hoyt. However, after initial analysis, it was 
determined that the allowable surface footprint in Area 2 for the location proposed by RK&K 
was significantly smaller than allowable footprints Areas 1, 3, and 3-1. As a result, Area 2 
storage volumes were significantly smaller than identical designs in Areas 1, 3, and 3-1. 
Implementing a system in Area 2 was deemed not worthwhile due to minimal benefits resulting 
from physical constraints restricting the allowable surface footprint3. Area 2 systems were 
removed from consideration. Although Area 2 systems were removed from analysis, recall that 
the drainage area for Area 2 is encompassed in both Area 3 and Area 3-1. Figures 3.1 through 
3.4 depict each drainage area and cistern location.  
System performance of Areas 1 and 3 were examined on an individual basis, meaning a 
system with one cistern in one area. In order to investigate the performance of a system with two 
cisterns in series, a new drainage area called Area3-1 was created by subtracting Area 1 from 
Area 3. Systems in series have one cistern in Area 1 and one in Area 3-1. For each proposed 
cistern location, RK&K provided a rough estimate of maximum available surface area15. These 
can be seen in Figures 3.5 through 3.7. Characteristics for each area are given in Table 3.1. 
Maximum surface area for Area 3 and 3-1 is the sum of the three subfootprints outlined by 
RK&K in Figure 3.715. 
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Table 3.1: Summary characteristics of drainage areas of concern15 
 Area 1 Area 3 Area 3-1 
Drainage Area (ft2) 22,000  92,000 70,000 
Impervious Area (ft2) 15,000 51,000 36,000 
Percent Impervious 65% 56% 53% 
Maximum Surface Area for cistern(ft2) 1,200 2,100 2,100 
20 
 
 
Figure 3.1: Drainage area 1 and cistern location demarcated by solid blue line and star respectively. Drainage 
areas 2 and 3 shown as dotted black and purple lines respectively 
21 
 
 
Figure 3.2: Drainage area 2 and cistern location demarcated by solid black line and star respectively. Drainage 
areas 1 and 3 shown as dotted blue and purple lines respectively 
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Figure 3.3: Drainage area 3 and cistern location demarcated by solid purple line and stars respectively. Drainage 
areas 1 and 2 shown as dotted blue and black lines respectively 
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Figure 3.4: Drainage area 3-1 and cistern location demarcated by solid red line and star respectively. Drainage 
areas 1 and 2 shown as dotted blue and black lines respectively 
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Figure 3.5: Overview of the area for RK&K footprint estimations15 
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Figure 3.6: Proposed storage location in Area 1 by RK&K15
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Figure 3.7: Proposed storage footprints for Area 3 by RK&K15
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Storage Capacity 
 For each area, several cistern shapes were explored, with depths of 5ft and 10ft. The 
following designs were considered: rectangular prism, upright cylinder, cylinder on its side, two 
cylinders on their sides. The relationship between depth, length, and width to cistern volume is 
seen in Figure 3.8 below. It is important to note that the proposed facilities for Area 3 and 3-1 are 
composed of several footprints added together. Therefore, any implementation in these areas will 
consist of 3 interconnected cisterns. 
 
Figure 3.8: Proposed cistern structures 
Table 3.2 provides tabulated data for cistern storage volumes for each system at each depth. 
Table 3.2: Summary of cistern volumes and designs for each area 
Area 
1 
Depth 
(ft) 
Rec. Prism 
(kgal) 
Upright Cylinder 
(kgal) 
Cylinder 
Onside (kgal) 
2x Cylinder 
Onside (kgal) 
5 45 18 4 9 
10 90 37 18 35 
 
Area 
3 
Depth 
(ft) 
Rec. Prism 
(kgal) 
Upright Cylinder 
(kgal) 
Cylinder 
Onside (kgal) 
2x Cylinder 
Onside (kgal) 
5 78 106 11 19 
10 156 212 44 76 
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Series 
(Area 
1+3-1)  
Depth 
(ft) 
Rec. Prism 
(kgal) 
Upright Cylinder 
(kgal) 
Cylinder 
Onside (kgal) 
2x Cylinder 
Onside (kgal) 
5 123 124 15 28 
10 246 248 62 112 
 
The final section of Table 3.2 lists total storage volume for systems with cisterns in Area 
1 and Area 3. These systems will be now be referred to as systems in Area 3+1. Although all 
systems underwent initial analysis, the range of solutions was narrowed before in depth analysis 
was performed. Per the suggestion of Sally Hoyt, all upright cylindrical cistern options were 
discarded because of their impractical construction requirements. Similarly, all systems with one 
cylinder on its side were discarded due to their limited available volume3. 
Arboretum Demand 
 The irrigation system for the Coker Arboretum is operated with a controller located in the 
Arboretum parking lot near Cameron Avenue and draws water from the well in between Howell 
Hall and Morehead Planetarium. The system is typically turned on sometime around the 
beginning of March and shutoff around the beginning of November depending on seasonal 
rainfall and temperature8. The system consists of 14 zones covering approximately 70% of the 
arboretum. Of the 14, 8 zones run 2 nights/wk for 2 hr/night and 6 zones run 3 nights/wk for 1 
hr/night. The system is run overnight between 8pm and 3:30am. Each zone is comprised of 6-7 
sprinklers with a flow rate of 1.5-2.5 gpm8. Assuming 7 sprinklers/zone with an average flow 
rate of 2.5 gpm per sprinkler, the average flow rate is 1,050 gph/zone. The resultant estimated 
average weekly demand of the arboretum is 52,500 gal/wk or 7,500 gal/day.8 
 However, during hot summer months, additional supplemental watering is administered. 
In the past, supplemental watering consisted of watering 4 days/wk for 6hr/day at a rate of 1,000 
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gal/hr during a dry spell8. Using the above demand profiles, a monthly demand structure was 
created and given in Table 3.3. Daily usage is given in 1,000 gallons per day with the final row 
giving gallons per week for each month. 
Table 3.3:  The estimated yearly demand profile of the Coker Arboretum given in [gal] 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
kgal/day 0.0 0.0 7.0 7.0 7.5 8.0 10.9 8.0 7.5 7.0 0.0 0.0 
kgal/wk 0.0 0.0 49.0 49.0 52.5 56.0 76.3 56.0 52.5 49.0 0.0 0.0 
 Below average demand is expected in colder months such as March, April, and October 
and above average demand is expected in hot summer months such as June, July, and August. In 
an effort to model supplemental irrigation, baseline demand is added to supplemental demand for 
the entire month. It is important to remember that the arboretum staff adjusts irrigation based on 
temperature and precipitation. Table 3.3 is merely a model of average irrigation patterns which 
can vary day to day.  
Rainfall Data 
Rainfall data for station Chapel Hill 2W was obtained from the NOAA National Climate 
Data Center from January 1, 1947-December 31, 2014. Although station data was available 
before 1947, due to the inconsistency of reporting, it was not used. The final dataset is much 
more complete with only a few unreported days and the entire month of March 1973 missing. 
Station Chapel Hill 2W is located at the Orange Water and Sewer Authority building and has 
GPS coordinates of 35.9086, -79.0794. Located 1.7 miles East of the arboretum, the weather at 
the station is likely highly comparable to the arboretum. Using NOAA data for rainfall depth for 
various 24hr design storms, a total count of the number of days with rainfall was created for each 
month. These results can be seen in Table 3.4 below.  Red cells indicate that a given design 
storm did not occur and green cells indicate the event did occur. Color coding indicates that more 
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intense storms, with return period >5yr, tend to occur during the ‘irrigation’ season of March 
through October.  
There is one important limitation of the NOAA data set. Because only daily rainfall data 
was available, 24 hr requirements for each return period storm were used. However, it is likely 
that many storms in each return period category occurred in a shorter time frame. What may 
have been the 25 year 60 minute storm would appear as a 1 year 24 hr storm. This has the 
potential to skew the data erroneously suggest a lower frequency of severe storms than in fact 
occurred. Additionally, many storms may have spanned calendar days, crossing over from 
midnight to the next morning. These storms would be separated by the NOAA database into 2 
storms occurring independently one day after the next. Again, this may skew the data. Analysis 
was limited by the dataset and 24 hr rainfall depth groupings were used for each rainfall event. 
Table 3.4 Breakdown of daily precipitation for each month11 
Month 
< 1 yr 
(0-3.16”) 
2 yr 
(3.17-3.82”) 
5 yr 
(3.83-4.77”) 
10 yr 
(4.78-5.51”) 
25 yr 
(5.52-6.54”) 
50 yr 
(6.55-7.34”) 
100 yr 
(7.35-8.17”) TOTAL 
Jan 731 1 0 0 0 0 0 732 
Feb 658 0 0 0 0 0 0 658 
Mar 737 2 0 0 0 0 0 739 
Apr 651 1 0 0 0 0 0 652 
May 708 1 1 0 0 0 0 710 
Jun 664 0 1 0 0 0 0 665 
Jul 739 0 2 2 0 0 0 743 
Aug 670 2 2 1 0 0 0 675 
Sep 561 3 1 0 0 1 1 567 
Oct 552 2 3 0 0 0 0 557 
Nov 612 2 1 1 0 0 0 616 
Dec 659 0 0 0 0 0 0 659 
TOTAL 7942 14 11 4 0 1 1 7973 
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Rainwater Harvester 2.0 
 One critical component of analysis was the use of a software called Rainwater Harvester 
2.0 developed by the NC State Biological and Agricultural Engineering Department. This model 
uses historic rainfall records in union with a demand profile to carry out a water balance. The 
model is run using according to the time step of the data, in this case daily. This model is 
intended for cisterns placed on the side of buildings and requires an input for roof area and 
capture factor. At the suggestion of UNC Stormwater Engineer Sally Hoyt, this model was 
applied using the impervious area of a system as the roof area with a capture factor of 0.9 to 
simulate drainage conditions on impervious brick and concrete. The capture factor reflects 
similar numbers used in the SCS method from TR-55 for curves as well as the rational method 
for the runoff coefficient for impervious area such as brick and concrete14,10. Demand was 
customized using the profile discussed earlier as depicted in Table 3.3. Inputs for the storage 
capacity were taken from Table 3.2. Additionally, a rough estimate of $3/gal for storage tanks, 
excluding piping, excavation, and filtration, was assumed under suggestion from Sally Hoyt 
from a similar project involving underground storage at Carolina North3,15. This estimate will be 
further discussed in the analysis section.  
 Inputs for this model include: Rainfall Simulation Data, Impervious Area, Capture 
Factor, Cistern Volume, and Irrigation Demand. Outputs of Rainwater Harvester 2.0 include: 
Percentage of Total Rainfall Captured, Percent Usage Replaced, Annual Water Usage [gal], 
Overflow Frequency [%], and Dry Frequency [%]. 
 Rainwater Harvester 2.0 was used for all systems excluding ones operating in series in 
Area 1 and 3-1. With only one rainfall and cistern size input available, Rainwater Harvester 
could not be used. Instead, a separate model was built in Excel using the same fundamental water 
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balance equation where overflow from Area 1 was used in addition to incident rainfall of Area 3-
1. The equation is given below.10 
𝑆𝑡 = 𝑆𝑡−1 + 𝑖𝑡 − 𝑞𝑡 − 𝑑𝑡     (1) 
Where: 
St = Storage at time t 
it = Inflow at time t 
qt = Overflow at time t 
dt = Demand at time t 
And: 
𝑖𝑡[𝑔𝑎𝑙] = 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 [𝑓𝑡] ∗ 𝐼𝑚𝑝𝑒𝑟𝑣𝑖𝑜𝑢𝑠 𝐴𝑟𝑒𝑎[𝑓𝑡
2] ∗
7.48 𝑔𝑎𝑙𝑙𝑜𝑛𝑠
𝑓𝑡3
∗ 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟  (2) 
 
Analysis 
 Initial analysis was performed on each system listed in Table 3.2. This included 
evaluation from Rainwater Harvester 2.0 as well as the Excel water balance for systems in series. 
The output from each model was analyzed and aggregated to understand yearly trends. Annual 
totals were collected for rainfall and divided by the average to yield a percent of average annual 
rain for each year. This was also done for annual usage replaced and annual volume captured. 
Thus, system performance could be examined each year based on the percentage of annual 
rainfall received. A sample of yearly aggregated data can be seen below.  
Table 3.5: An example of yearly aggregated data for system performance 
 
System performance was analyzed through the following metrics: Estimated Cost, 
Percent Annual Arboretum Usage Replaced, Percent Annual Runoff Captured, Ability to Return 
the Drainage Area to the Undeveloped Condition, and Frequency of Cistern Running Dry.  
Year Rainfall (in) Percent Average Rainfall Usage (gal) Percent Annual Replaced Overflow (gal) Volume Captured (gal) Percent Captured
1947 42.76 93.15% 868,470.27 45.06% 280,506.86 946,363.85 77.14%
1948 56.84 123.82% 877,315.89 45.52% 753,584.81 877,197.67 53.79%
1949 42.31 92.16% 985,967.55 51.16% 227,892.38 985,876.05 81.22%
1950 37.87 82.49% 946,416.32 49.10% 140,025.46 946,334.56 87.11%
1951 35.49 77.31% 776,525.31 40.29% 241,800.86 776,449.87 76.25%
1952 52.53 114.42% 1,001,982.89 51.99% 505,116.82 1,001,871.67 66.48%
1953 42.21 91.95% 811,394.52 42.10% 399,752.22 811,305.39 66.99%
1954 40.96 89.23% 784,701.95 40.71% 390,637.06 784,615.17 66.76%
1955 41.48 90.35% 878,091.58 45.56% 311,933.15 878,002.68 73.79%
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Estimated Cost 
 It is estimated that the cost for each tank of each system will be $3/gal or $22.50/ft3 15,3. 
These values will be used to contrast benefits and costs provided by each system. As mentioned, 
this value was provided by Sally Hoyt and reflected in other University estimates and is used as a 
rough calculation to compare system cost. Economies of scale may result in larger systems 
having a lower cost per gallon of storage than smaller systems; however this effect is ignored. 
Once a system is selected, a more detailed cost estimation will be required.  
Percent Annual Usage Replaced 
 As stated earlier, one main goal of the potential system is to replace conventional well 
water use for the arboretum. Understanding how this varies between systems will provide 
important information for making a final decision. For each year, the usage provided by the 
cistern was summed and divided by the yearly demand to yield percent usage replaced. This was 
done for each year and averaged to obtain an average percent usage replaced. Superior systems 
in this metric will have higher percent usage replaced.  
Percent Annual Runoff Captured & Nutrient Loading 
 Knowledge of the average annual percent reduction in runoff is used to estimate the 
amount of nutrients, such as nitrogen and phosphorus, removed. This is particularly relevant for 
UNC as it is subject to Jordan Lake Rules which aim to reduce nutrient loading and restore the 
water quality of the lake6. When runoff is captured by a cistern and reused for irrigation, 
nutrients that would have been transported into downstream surface waters are deposited into the 
soil thus reducing downstream nutrient loading. However, runoff entering an already full cistern 
can’t be captured. This runoff is called overflow and is not able to be reused. Therefore, 
downstream nutrient loads aren’t reduced. For UNC, nitrogen is the nutrient of highest concern3. 
As a result, nitrogen was the nutrient of focus and phosphorus loadings were not examined in 
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this report. Loading refers to the total amount of nitrogen in water. This includes both dissolved 
and particulate nitrogen. Using data for each year, the total annual volume captured was divided 
by the total annual incident volume to obtain percent annual runoff captured. This was done for 
each year and averaged overall to calculate the average percent annual runoff captured for each 
system over the 67 simulated years. 
 The NCDENR Nutrient Accounting Tool was used to calculate the average reduction in 
nitrogen loading per year. The model is available on the NCDENR website and can be used for a 
range of BMPs. Inputs to the model include: geographic region; soil type; precipitation location; 
predevelopment area by ground cover type; post development area by ground cover type; and 
BMP percent volume reduction9. After running Rainwater Harvester 2.0 to obtain percent 
volume reduction values for each system, the values were input into the Nutrient Accounting 
Tool to yield nutrient loading reductions. The Nutrient Accounting Tool is designed such that 
percent nutrient loading reduction equals percent volume reduction9. For example, a system that 
captures 70% of annual runoff will have a corresponding nutrient reduction percentage of 70%. 
 Although the Nutrient Accounting Tool calculates downstream reductions in total 
nitrogen, it is unlikely that it differentiates between reduction by settled particulate nitrogen in 
sedimentation and reduction of dissolved nitrogen through reuse. Although the percentage of 
total nitrogen composed of particulates is not known, the amount of particulate nitrogen that 
settles out will vary with retention time. During the irrigation season, both methods of removal 
contribute to the total nitrogen reduction estimated by the Nutrient Accounting Tool.  
Return to Predevelopment Conditions for Specific Design Storm 
 To understand how each system performs with respect to the goal of returning the 
drainage area to predeveloped conditions, percent reductions from each design storm above were 
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used. Using the SCS Runoff Curve Number method described in USDA’s “Urban Hydrology for 
Small Watersheds: TR-55”, the current and estimated predevelopment volumetric runoff were 
calculated. This method is described in Appendix A. One limitation of this method is that it does 
not factor in time and therefore doesn’t account for duration or intensity. However, it describes 
average conditions that are useful for design purposes14. The percent reduction for each 24 hour 
design storm will be used to determine the volumetric runoff after system implementation. This 
value is then compared to predeveloped conditions to determine the effectiveness of each system 
to return the drainage area to predeveloped conditions. The ability of a system to return the 
drainage area to predeveloped conditions for a given design storm is illustrated by equation 3.  
𝐸𝑥𝑖𝑠𝑖𝑡𝑛𝑔 𝑅𝑢𝑛𝑜𝑓𝑓−(𝐸𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑅𝑢𝑛𝑜𝑓𝑓∗𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 
𝑃𝑟𝑒𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑 𝑅𝑢𝑛𝑜𝑓𝑓
  (3) 
Dry Frequency 
 Beyond understanding how much usage can be replaced by a system, it is useful to know 
when traditional sources will need to be relied on. To achieve this, the frequency at which each 
system ran dry was found for each month. This is the number of days with 0 usage replaced 
divided by the total number of days for each month. This was not done for each individual year, 
rather for all days of a particular month over the simulation period.  
 A summary table of all cisterns analyzed is shown below in Table 3.6. There are several 
systems with similar volumes; these are shown by bands of yellow and green in Table 3.6. 
Analysis indicated that systems with similar volumes had similar performance. To avoid 
crowded figures and tables, Area 3 2x Side Cyl at 10ft depth and Area 3+1 2x Side Cyl at 10ft 
depth will be represented only by Area 3 Rec Prism at 5ft depth and Area 3+1 Rec Prism at 5ft 
depth respectively.  
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Table 3.6: List of systems to undergo final analysis 
Area Shape Depth (ft) L x W for 
prism, 
L x D for 
cylinder (ft) 
Volume (kgal) Total 
Drainage 
Area (ft2) 
1 Rec Prism 5 30 x 40  45 22,000 
1 2x Side Cyl 5 30 x 5 9 22,000 
1 Rec Prism 10 30 x 40 90 22,000 
1 2x Side Cyl 10 30 x 10 35 22,000 
3 Rec Prism 5 75 x 28 78 92,000 
3 2x Side Cyl 5 75 x 5 19 92,000 
3 Rec Prism 10 75 x 28 156 92,000 
3 2x Side Cyl 10 75 x 10 76 92,000 
3+1 Rec Prism 5 30 x 40,     
75 x 28  
123 92,000 
3+1 Rec Prism 10 30 x 40,     
75 x 28 
246 92,000 
3+1 2x Side Cyl 10 30 x 10,     
75 x 10 
112 92,000 
 
Results 
Upon analysis of each system’s ability to replace usage, it was determined that all 
systems solely in Area 1 replaced only a fraction of the usage replaced by Area 3 systems. As 
seen in Table 3.7, the total drainage area for Area 1 is 24% of Area 3. This has an enormous 
effect on the maximum total runoff captured and thus the usage replaced. Table 3.7 shows 
average values over the entire simulation period for usage and capture metrics of two systems, 
Area 1 Rec Prism 10ft and Area 3 Rec Prism 5ft.  
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Table 3.7: Comparison of performance between systems in Area 1 and Area 3 illuminate the inability for Area 1 
systems to provide significant benefits 
 
 Despite the system in Area 1 having a larger storage volume, it replaces only 18% of 
usage compared to Area 3’system of 47%. Similarly, the volume captured by the system in Area 
1 is roughly 33% of that by the system in Area 3. The final column represents the percent capture 
of all incident rainfall on each area. Because Area 1 has a much smaller drainage area, it is able 
to capture a much larger fraction of incident runoff. However, in sheer volumetric terms, this is 
much less than Area 3 captures. Due to inferior performance in replacing usage and volumetric 
capture of runoff, all systems in Area 1 were removed from consideration3.  
Estimated Cost 
 Using an estimate of $3/gal of storage volume, the estimated cost of each system was 
calculated3, 15. Results are tabulated below in Table 3.8. 
        Table 3.8: Cost and size for each system 
 
Percent Annual Usage Replaced 
The performance of each system with respect to percentage of annual usage replaced in 
shown in Figure 3.9 and Table 3.9. Values range from 26% to 58% with lower values 
corresponding to smaller storage volumes. Figure 3.9 lists each system by its estimated price and 
provides the corresponding percent annual usage replaced. Figure 3.9 suggests a plateau of 
Drainage 
Area (sqft)
Cistern 
Volume (kgal)
Rainfall 
(in)
Total 
Usage (gal)
Percent Annual 
Replaced
Overflow 
(gal)
Volume 
Captured (gal)
Percent Incident 
Captured
Area1 22,000 90 45.91 343,001 18% 30,496 346,588 92%
Area3 92,000 78 45.91 912,043 47% 403,930 913,109 70%
Area Shape Depth
Storage 
Capacity [kgal]
Estimated Total 
Cost [$]
3 Side2xCyl 5 19 57,000$              
3 Rec Prism 5 76 228,000$            
3+1 Rec Prism 5 123 369,000$            
3 Rec Prism 10 156 468,000$            
3+1 Rec Prism 10 246 738,000$            
38 
 
replacement benefits after an initial spike in cistern volume and cost. For example, from the first 
point to the second, replacement increases 21% over a $176,000 increase in cost. In comparison, 
the second point to the last point sees an 11% replacement increase with a cost increase of 
$503,000. Figure 3.9 highlights the economic appeal of selecting a smaller sized system. 
Intermediate volumes between the 19 kgal and 76 kgal capacity of the two smallest systems were 
examined in the initial analysis. Although not included in the final plots as these intermediary 
volumes were not considered as final solutions, they roughly fall on a line between the two 
smallest systems of Figure 3.9 suggesting that percent annual usage replacement benefits begin 
to plateau around 76 kgal.  
  
 
Figure 3.9: Percent annual usage replaced plateaus after initial increase in system size 
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   Table 3.9: Usage replaced as a percent of average annual demand 
Area Shape Depth 
Storage 
Capacity (kgal) Percent Annual Usage Replaced 
3+1 Rec Prism 10 246 58% 
3 Rec Prism 10 156 53% 
3+1 Rec Prism 5 123 51% 
3 Rec Prism 5 76 47% 
3 Side2xCyl 5 19 26% 
 
 
Percent Annual Runoff Captured & Nutrient Loading 
The performance of each system with respect to percentage of annual runoff captured is 
shown in Figure 3.10 and Table 3.10. Values range from 46% to 86% percent annual runoff 
captured with larger systems capturing a higher percentage. System performance was paired with 
estimated cost and displayed graphically in Figure 3.10.  Figure 3.10 also suggests a plateau of 
capture benefits after an initial spike in cistern volume and cost. For example, from the first point 
to the second, capture value increases by 24% with a price increase of $176,000. Similarly, from 
the second point to the last point, a 16% capture increase is seen with a $503,000 cost increase.  
Again, Figure 3.10 highlights the economic appeal of selecting a smaller system.  
According to the NCDENR Nutrient Accounting Tool, the baseline value of nitrogen 
loading for the drainage area without the system in place is 8.27 lb/ac/yr or 17.5lb/yr over the 
entire drainage area9. As mentioned in the analysis section, the nutrient reduction percentage is 
identical to the percent annual runoff captured. Therefore, fractional tradeoffs for nutrient 
reduction between systems are summarized by the above paragraph. Table 3.10 provides the 
estimated nitrogen reduction in lb/yr.  
As mentioned, downstream nitrogen loading is reduced via sedimentation and reuse. In 
the summer when the tank quickly fills and drains, retention time is short. During the summer, it 
is expected that most nitrogen reduction comes from reuse.  
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Figure 3.10: Percent annual runoff captured plateaus after initial increase in system size 
 
 
Table 3.10: Volume captured as a percent of average annual rainfall 
Area Shape Depth 
Storage Capacity 
(kgal) 
Percent Annual 
Capture 
Nitrogen Loading 
Reduction+(lb/yr) 
3+1 Rec Prism 10 
246 
86% 15 
3 Rec Prism 10 
156 
78% 13 
3+1 Rec Prism 5 
123 
76% 13 
3 Rec Prism 5 
76 
70% 12 
3 Side2xCyl 5 
19 
46% 8 
+ Nutrient loading percentages calculated through the NCDENR Nutrient Accounting Tool 
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Return to Predevelopment Conditions for Specific Design Storm 
 As described in the Analysis section, the following equation was used to calculate what 
percentage of predeveloped conditions each system returned the drainage area to.  
𝐸𝑥𝑖𝑠𝑖𝑡𝑛𝑔 𝑅𝑢𝑛𝑜𝑓𝑓 − (𝐸𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑅𝑢𝑛𝑜𝑓𝑓 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑝𝑒𝑟 𝑠𝑦𝑠𝑡𝑒𝑚 𝑝𝑒𝑟 𝑠𝑡𝑜𝑟𝑚)
𝑃𝑟𝑒𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑 𝑅𝑢𝑛𝑜𝑓𝑓
 
This value is reported in Table 3.11 below and represents runoff (after implementation) in 
terms of predeveloped conditions. To give a comparison of existing to predeveloped conditions, 
Table 3.11 lists the existing percent of predeveloped runoff for each storm return period. Figure 
3.11 provides a visual interpretation of Table 3.11. Each system is depicted by a column of 
points consisting of each storm return period. Clearly, larger systems provide more runoff 
reduction for each storm. Additionally, only the smallest system was unable to return the 
drainage area to predeveloped conditions for any storm. The second largest reduced runoff below 
or at predeveloped conditions for all storms with return period 25 yr and below. Beyond this, 
each system was able to return to predeveloped conditions for each storm considered. We do not 
see a plateau of reduction benefits in Figure 3.11 highlighting the appeal of larger systems.  
One underlying factor is the timing of each storm. As mentioned earlier, the cistern is 
typically empty during summer months. Storms occurring during this time enter into an empty 
cistern. However, a storm occurring in the winter or early spring will likely enter a partially filled 
cistern. This explains the poor reduction in 2 year storms compared to 5 year storms. Two year 
storms occurred in every month except Feb, Jun, Jul, and Dec. However, 5 year storms only 
occurred from May-Nov. Two year storms occurring in Jan and Mar are more likely to cause 
overflow than 5 year storms occurring in Aug.  
42 
 
 
Figure 3.11: Distinct benefits of runoff reduction for specific return storms are seen as system size increases 
  
 
 
 
 
            Table 3.11: Percent of predeveloped runoff for current and post system implementation conditions 
Return 
Period 
Current 
Runoff 
Area 3 
2xSide 5ft 
Area 3 
Rec Prism 
5ft 
Area 3+1 
Rec Prism 
5ft 
Area 3 
Rec Prism 
10ft 
Area 3+1 
Rec Prism 
10ft 
2 yr 149% 131% 78% 43% 33% 20% 
5 yr 138% 122% 70% 19% 8% 6% 
10 yr 133% 124% 93% 46% 27% 0% 
25 yr 128% 121% 100% 60% 42% 0% 
50 yr 125% 120% 108% 73% 56% 0% 
100 yr 122% 118% 118% 93% 78% 25% 
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Dry Frequency 
 The ability for each system to satisfy arboretum demand was examined on a monthly 
basis. As described in the Analysis section, the metric ‘dry days’ was created to indicate days on 
which the system satisfied 0% of the demand. This did not include days in which partial demand 
was satisfied. Figure 3.12 and Table 3.12 both indicate that all systems preform very similarly 
from June-October except for the smallest, Area 3 5ft Side2xCyl, which performed considerably 
worse. March-May sees larger systems performing better than smaller systems seeing a 15% 
decrease in dry frequency. However, for the majority of the year, systems of most sizes run dry 
at similar rates and extra benefits provided by the largest systems come with a large price tag.  
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Figure 3.12: Dry frequency for each system 
 
 
Table 3.12: Percentage of days each month with no water in storage (Dry Frequency) 
Design 
Storm 
Area3 
5ft 
2xSideCyl 
Area3 
10ft 
2xSideCyl 
Area3 
5ft 
RecPrism 
Area3+1 
10ft 
2xSideCyl 
Area3+1 
5ft 
RecPrism 
Area3 
10ft 
RecPrism 
Area3+1 
10ft 
RecPrism 
Jan 0% 0% 0% 0% 0% 0% 0% 
Feb 0% 0% 0% 0% 0% 0% 0% 
Mar 44% 16% 15% 6% 4% 1% 0% 
Apr 55% 44% 44% 39% 37% 31% 6% 
May 53% 42% 44% 41% 41% 40% 31% 
Jun 56% 44% 42% 43% 43% 43% 42% 
Jul 57% 48% 48% 47% 47% 47% 46% 
Aug 55% 43% 43% 42% 42% 42% 42% 
Sep 62% 46% 46% 44% 43% 43% 43% 
Oct 63% 48% 48% 46% 46% 45% 44% 
Nov 10% 7% 7% 7% 7% 7% 7% 
Dec 0% 0% 0% 0% 0% 0% 0% 
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Discussion 
The results are consistent in showing significantly higher costs associated with added 
benefits of larger systems. One system that continually performed in the middle of the pack was 
Area3 RecPrism at depth 5ft. At 1/3 of the price of the largest system, the benefits provided were 
much more cost effective. For example, assume that the estimated cost of Area3 5ft RecPrism 
buys 76 kgal of storage for any system. When examining arboretum usage replaced, 81% of the 
largest system’s total replacement is achieved through 76 kgal. This comes at a cost of 
$5,000/percent replaced. However, the marginal cost of the remaining 19% additional 
replacement by Area3+1 10ft RecPrism is $26,000/percent replaced.  
With respect to reducing downstream nutrient loading, assuming that 76 kgal of storage 
achieves 12 lb/yr reduction of nitrogen, the price per pound reduction is $19,000/lb. The 
marginal cost of removing an additional 3 lb/yr of nitrogen provided by the largest, 246 kgal 
system is $170,000/lb respectively. Unless substantial benefits are seen from expanding usage 
replaced from 47-58% and increasing nutrient removal by 20%, the larger system appear to be 
financially impractical. 
However, the report conducted by RK&K and Biohabitats Inc. recommended roughly 
20,000 ft3 or 150 kgal of storage to alleviate flooding issues. Only two systems have volumes of 
that magnitude: Area3 10ft RecPrism at 156 kgal and Area3+1 10ft RecPrism with 246 kgal. 
These systems were the most costly and least cost effective. For underground storage aiming to 
replace arboretum usage and reduce downstream nutrient loading, it is impractical to implement 
a system at double the cost for only marginally improved performance. Should UNC decide to 
implement a rainwater harvesting system to supplement the demand of the Coker Arboretum, it 
is recommended that they invest in a middle tiered cost system.  
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Based on the performance and estimated price data presented in this report, a rectangular 
prism structure with a depth of 5ft in Area3, Area3 5ft RecPrism, is the most effective system at 
a reasonable price point and is recommended to be the system pursued. If further surface flow 
analysis suggests that 76 kgal of storage is indeed insufficient in alleviating flooding problems, 
perhaps other efforts can be combined with the 76 kgal of storage for a more cost effective 
means of achieving both flood prevention and arboretum usage replacement than implementing a 
larger underground storage system.  
Further Considerations 
In an effort to visualize system performance over the course of the year, data for each 
respective day of the year was averaged over the period of record to obtain a graph depicting the 
volume in storage and the usage replaced over time. This is seen below in Figure 3.13. On 
average, the volume in storage reaches capacity during the month of January. Any rainfall 
occurring after capacity is reached and before irrigation commences causes overflow. Further, 
only in the beginning of March does the system satisfy the full demand. In summer months, the 
system typically provides 40-50% of the demand. This emphasizes the importance of devising a 
well-orchestrated irrigation system involving the cistern and conventional well to ensure the 
arboretum’s demand is always met. This will be further discussed in the next chapter.  
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Figure 3.13: Average daily data from 1947-2014 
  
 The effects of drawdown during winter months were also considered. Drawdown is the 
passive release of runoff that allows the cistern to be slowly emptied. Doing so ensures that large 
volumes of storage are available to capture runoff so that overflow is less common during 
nonirrigation months. This also allows for easy drainage when maintenance is required. 
According to NCDENR, cisterns should be able to be drawn down in 2-5 days2. By dividing the 
total storage by the desired drainage time in minutes, a ‘drawdown’ flow rate is found. For the 
suggested system, the 5 day rate is 11 gpm and the 2 day rate is 27 gpm. RainwaterHarvester2.0 
was used to simulate two methods of drawdown. During drawdown periods, any runoff captured 
by the cistern will be passively released. One method draws down during November and 
December, the other December and January. 
48 
 
 Drawdown during nonirrigation months provided additional flood protection compared to 
the system without a drawdown mechanism. Table 3.13 lists usage and capture metrics for each 
drawdown simulation. For 5day and 2day Nov-Dec, beyond the 70% runoff captured during the 
irrigation period, an additional 15% of runoff was captured and released slowly downstream. For 
5day and 2 day Dec-Jan, an additional 20% of the annual baseline volume was captured and 
released slowly downstream. Further, all methods achieve identical percent annual usage 
replaced. It is recommended that passive drawdown at a rate of 27 gpm occurs during November 
and December. Figure 3.14 depicts average daily data from a simulation with drawdown at 27 
gpm during November and December.  
 Passive drawdown also has an impact on downstream nutrient loading. Because runoff is 
not being reused, rather slowly released, much of the nitrogen is still introduced to downstream 
tributaries. However, some particulate nitrogen is likely to settle out in the cistern. Thus, the 
downstream total nitrogen loading is still reduced. While passive drawdown doesn’t reduce 
nitrogen loading to the level that reuse is able to, it does remove a fraction of total nitrogen.  
 As mentioned earlier, excess nutrient loading is of higher concern in warm summer 
months with abundant sunshine. Therefore reducing nitrogen loading is more important during 
the summer. That is to say, the benefit of removing 1 lb of nitrogen in June is not equivalent to 
removing 1 lb in December. It is important to recall that passive drawdown is only feasible 
during the winter. While passive drawdown is able to provide additional reduction benefits in the 
winter compared to a system without a drawdown mechanism, critical reduction during the 
irrigation season is unaffected.  
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 Table 3.13: Summary of performance for different nonirrigation season drawdown methods 
Method Drawdown 
Rate (gpm) 
Usage 
(gal) 
Percent Annual 
Usage Replaced 
Volume 
Captured (gal) 
Additional Percent 
Annual Volume 
Slowly Released 
No Drawdown 0 912,000 47% 913,000 -- 
Nov-Dec 2 day 27 912,000 47% 1,112,000 15% 
Nov-Dec 5 day 11 912,000 47% 1,109,000 15% 
Dec-Jan 2 day 27 907,000 47% 1,176,000 20% 
Dec-Jan 5 day 11 907,000 47% 1,174,000 20% 
 
  
 
 
 
Figure 3.14: Average daily values for passive drawdown at 27gpm during Nov and Dec 
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CHAPTER 4 : IMPLEMENTATION 
Introduction 
This chapter will describe the necessary steps for implementing the chosen system 
including discussion on the project approval process, scheduling, environmental and societal 
impacts and disruptions, resource requirements, operation and maintenance, and costs.  
Background 
 Chapter 3 proposed the installation of 76 kgal, 10,200 ft3, of storage achieved through 
three interconnected underground cisterns. Figure 4.1 shows the proposed drainage area and 
cistern locations as a solid line and stars respectively.  
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Figure 4.1: Proposed location of cisterns depicted as stars with corresponding drainage area given as a solid line 
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Approval Process 
 This report will be filed into the portfolio of potential stormwater management projects of 
the Energy Services Department (ESD) at UNC. High priority projects within the department’s 
budget are moved forward. The culminating report represents a preliminary analysis. Before the 
project moves forward, a professional engineer will review, augment, and improve design and 
analysis work before construction begins. Due to the complexity and specificity of the project, 
the ESD will not be able to carry out the project in-house. Instead, the ESD will contract a 
designer to conduct further analysis and produce technical drawings of the rainwater harvesting 
system3. 
The proposed design is reviewed to assess whether existing utilities, greenery, or 
pedestrian walkways will be impacted. Possible conflicts with existing utilities infrastructure, 
such as chiller, electrical, and gas lines, are examined by the ESD. Erosion and sediment control 
is reviewed by the Environmental Health and Safety Department. In the event of pedestrian 
walkway disruption, the Facilities Planning Department will ensure the project satisfies ADA 
and UNC aesthetic guideline compliance. Finally, the Public Safety Department will assess the 
need to mitigate temporary pedestrian disruptions during the construction process3. 
Once the project passes review, it will be bid out to a list of prequalified contractors. 
Details of the project are open to questions from potential bidders to ensure accurate and feasible 
bids. Once the bidding window is closed, the University is required to accept the low bid3. 
Scheduling 
 After a bid is accepted, the construction contractor works in junction with the design 
engineer to create a detailed implementation schedule3. Based on past projects, UNC Energy 
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Services Engineer Sally Hoyt estimates that the project will take 1-3 weeks to complete. 
However, the proposed and actual timelines may differ for a variety of reasons.  
 One key factor is the time of year construction will occur. Centrally located projects of 
this scale are ideally done during the summer to coincide with decreased pedestrian traffic. 
Weather is another variable to consider. Due to increased likelihood of more intense storms, 
summertime construction faces flooding, erosion, and sediment control threats. Another suitable 
timeframe for construction is during winter break. This will cause lesser disruption of nearby 
arboretum patrons than the summer. However, winter presents separate variables such as 
hardened soil and harsh working conditions.  
 Beyond weather and timing, scheduling can be impacted by unforeseen complications. 
Although soil type on site was found reputably through the US Department of Agriculture Web 
Soil Survey, uncovering soil of unexpected type could cause delays as additional machinery may 
be required10. Further, because the University does not have complete records of all underground 
infrastructure installed and removed, it is possible that previously unknown, antiquated pipes 
may run through the construction site3. Lastly, scheduling can be severely impacted by on site 
accidents. Accidents include but are not limited to personal injury, damaging of existing 
infrastructure, or damaging of construction equipment.   
Disruption 
 Disruption will be limited to pedestrian and bicycle traffic. Vehicle traffic along Cameron 
Avenue will not be disrupted. However, parking behind Howell Hall will likely be impacted by 
onsite storage of supplies and construction equipment15. As a result, the West entrance to the 
arboretum will likely be disrupted. Pedestrian walkways in between Alumni and Howell Hall 
may be impacted at the north east region of the quad closest to the arboretum entrance. 
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Additionally, all walkways running between Howell Hall and Morehead Planetarium will be 
significantly impacted. Informative signage should be placed throughout the area to properly 
inform pedestrians of detours and dangers associated with nearby construction. 
Resource Requirements 
 Required resources include three underground storage tanks, manhole, piping to connect 
storage bins to each other as well as to existing infrastructure, filter screens, brick and mortar, 
grass seed, and backfill15. A pump, controller, and electrical wiring will be needed to pump the 
water to the arboretum. Additionally, non-material resources such as labor, signage, silt fences, 
and subsurface and topographical studies are necessary. Per recommendation by Sally Hoyt as 
well as RK&K, 15” reinforced concrete pipes will be laid for intra-cistern and main  
connections3, 15.  
Operation and Maintenance 
 The UNC Stormwater Department operation and maintenance team will be responsible 
for maintaining the rainwater harvesting system. Landscape and O&M crews currently tending to 
the site area will be notified of new maintenance associated with the system. Regular 
maintenance consists of inspecting and cleaning inlets of debris. It is recommended this be done 
after each large storm event2. Annual maintenance includes removing debris and sedimentation 
from the cistern, overflow orifice inspection, and surveying for leaks2. Annual maintenance 
should be performed in the winter, just before the passive drawdown valve is shut for refill.  
Current arboretum staff will be in charge of daily system operations which include 
switching on the pump for irrigation. Because the staff already performs a similar task of 
activing the current pump system for the well, it is not expected that this will significantly 
increase daily work load3. Additionally, any water pumped from the rainwater harvesting system 
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will replace water pumped from the well. The difference in pumping price is assumed to be 
negligible. As a result, there are no associated long term manual operational costs. It is estimated 
that regular maintenance will take one hour for a crew of two workers to complete. At the hourly 
rate of $35.90, this totals $70 per check-up3. Annual maintenance is more rigorous and is 
estimated to take three hours for a crew of two. Using the same hourly rate, annual maintenance 
totals roughly $200. Assuming 3 large storm events requiring regular maintenance per year, the 
total O&M costs total $400.  
Costs 
 Total costs for implementing the rainwater harvesting system include initial capital and 
long term maintenance costs. Table 4.1 below summarizes initial construction, design, and 
administrative capital costs. Unit abbreviations are as follows: Cubic Yard (CY), Each (Ea.), 
Linear Foot (LF), Cubic Foot (CF), Square Yard (SY), Square Foot (SF), and Lump Sum (LS). 
Expected construction costs total to $382,000 while total project costs including design and 
administration total $556,000. 
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Table 4.1: Itemized list of quantity and cost of necessary resources was created drawing from RK&K Project Profile 
Summary Report15 
 
Item Quantity Unit 
                                      
Unit Cost, $        Total Cost, $ 
Earthwork        
Demolition 32 CY 50.00 1,600 
Excavation 386 CY 20.00 7,720 
Erosion and Sediment Control        
Construction Entrance 1 Ea. 1,500.00 1,500 
Inlet Protection 4 Ea. 100.00 400 
Silt Fence 20 LF 2.50 50 
Materials and Installation        
Drainage Structure      
Underground Storage Facility 10,200 CF 22.50 230,000 
Drop Inlet 1 Ea. 3,000.00 3,000 
Manhole 1 Ea. 3,000.00 3,000 
Pump, Centrifugal 1.5 HP 1 Ea. 400.00 400 
15” RC Pipe 30 LF 65.00 1,950 
Vegetation      
Permanent Grass Seed 280 SY 5.00 1,400 
Roadway      
Brick Pavers 400 SF 25.00 10,000 
ABC Stone 20 Tons 35.00 700 
Sand 2 CY 50.00 100 
Professional Services        
Subsurface Utility Study 1 LS 10,000.00 10,000 
Topographic Study 1 LS 10,000.00 10,000 
Site Management        
Pedestrian Traffic Control 1 LS 2,500.00 2,500 
Utility Coordination 1 LS 2,500.00 2,500 
Dump Fees 30 CY 37.00 1,110 
     
Subtotal       288,000 
Construction Stakeout (5% of subtotal)    15,000 
Mobilization and Demobilization (10% of subtotal)   29,000 
Contingency (15% of Project)    50,000 
    Construction Cost 382,000 
       
Design Cost + Design Contingency (35% Construction Cost)  135,000 
Construction Admin/UNC PM Fee (10% Construction Cost)  39,00 
      Total Cost 556,000 
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 Earthwork costs include demolition of brick walkways and excavation for underground 
storage and pipes. Erosion and sediment control costs include silt fencing to prevent debris 
leaving the site, inlet protection for existing inlets, and a construction site entrance.  
 Materials and installations are broken into categories pertaining to the drainage structure, 
vegetation, and roadways. Drainage structure costs include the cisterns, drop inlet, pump, 
manhole, as well as piping to connect cisterns to each other and the main lines. The cost of 
electrical connections and power for pumping are assumed to be negligible and are not included 
in the cost estimate. Grass seed is needed to rehabilitate the construction site. Brick, stone, and 
sand will be needed to repair walkways. Construction costs also include professional services 
such as topographic and subsurface utility studies as well as site management. 
 Additional costs for construction stakeout, mobilizing/demobilizing, and contingency are 
included. Beyond construction, design and administrative costs are estimated as well. As noted 
earlier, additional project designed by a professional engineer is needed before construction can 
begin. The sum of all three sectors equals the estimated initial capital cost of $556,000.  
As noted earlier, annual operation and maintenance costs for the cistern total $400. The 
estimated lifetime of the underground storage tanks is 50 years. However, the lifetime of the 
centrifugal pump is only 20 years. It is expected that every 5 years, the pump will require service 
totaling 50% of initial price. At the end of the service life, the pump will be replaced. The total 
operation and maintenance cost for the pump is as follows: years 6, 11, 16, 26, 31, 36, 46 will 
see pump maintenance while pump replacement will occur in years 20 and 40. Total pump 
replacement and maintenance is expected to cost $2,200 over the 50 year lifetime of the project. 
Total O&M costs including cistern and pump maintenance is given in Table 4.2 below. Figure 
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4.2 gives a graphical representation of different long-term O&M and replacement costs. The total 
long-term costs total $22,200. Over the 50 year project lifespan, this averages to $440/year.  
Table 4.2: Breakdown of annual and total O&M costs 
Year Number of Years, n O&M Cost, $ Total Cost, $ (n*O&M) 
1,6,11,26,31,36,46 7 600 4,200 
21,41 2 800 1,600 
All Others 41 400 16,400 
Total 50   22,200 
 
 
 
 
Figure 4.2: Expected long-term O&M and replacement costs over the lifespan of the storage infrastructure 
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 Finally, cost of the project was looked at using present value. Present value uses a 
discount rate to determine how much a future sum of money is worth in present day. Equation 1 
describes the present value calculation. 
𝑃𝑉 =
𝐹𝑉
(1+𝑖)𝑛
+ 𝐶𝐶     (1) 
Where: 
CC= Capital Cost 
PV = Present Value 
FV = Future Value 
i = Discount/Interest Rate 
n = Number of years from present  
  
 In the present, when n=0, present value equals future value. The further from the present, 
as n increases, the lower the present value. The higher the discount rate, the lower the present 
value of a future cash sum. The most important variable in Equation 1 is the discount rate. Per 
suggestion of Sally Hoyt, a 2% discount/interest rate was used for analysis. Using a capital cost 
of $556,000 and the average O&M cost of $440, the present value of the project over the 50 year 
lifespan totals $575,000. Table 4.3 summarizes input and output variables of Equation 1.  
 
Table 4.3: Summary of important cost metrics including present value of the project over the 50 lifespan 
Variable Value 
Capital Cost, CC  $         556,000  
Avg Annual O&M, FV  $                440  
Discount/Interest Rate, i 2.00% 
Years from Present, n 50 
Present Value, PV  $         575,000  
 
 A sensitivity analysis was performed using discount/interest rates ranging from 0.5%-
8.0%. At the lowest discount rate, present value of the project totals $580,000 and at the highest 
$566,000. The full range of values can be found in Table 4.4 below.  
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Table 4.4: Sensitivity analysis performed on present value of project by varying discount/interest rates over the 50 
year lifespan 
Discount 
Rate, i 
Number of 
Years, n 
Average Annual 
O&M Cost, $ 
Present Value of Total 
Average Annual O&M, $ 
Capital 
Cost, $ 
Present 
Value, $ 
0.5 50 440 21,000 556,000 580,000 
1 50 440 18,000 556,000 578,000 
1.5 50 440 16,000 556,000 576,000 
2 50 440 15,000 556,000 575,000 
2.5 50 440 13,000 556,000 573,000 
3 50 440 12,000 556,000 572,000 
3.5 50 440 11,000 556,000 571,000 
4 50 440 10,000 556,000 570,000 
4.5 50 440 9,000 556,000 569,000 
5 50 440 9,000 556,000 568,000 
5.5 50 440 8,000 556,000 568,000 
6 50 440 7,000 556,000 567,000 
6.5 50 440 7,000 556,000 567,000 
7 50 440 7,000 556,000 566,000 
7.5 50 440 6,000 556,000 566,000 
8 50 440 6,000 556,000 566,000 
 
 
 
Nutrient Reduction Comparison 
One metric that potential ESD stormwater projects are compared against is their cost 
effectiveness at reducing nutrient loading. Projections from Chapter 3 were based only on the 
estimated price of the storage tank. With a more thorough cost estimate now available, these 
projections must be revised. The total nitrogen reduction for the 76 kgal system is 12 lb/yr. Using 
the initial cost estimate of $556,000, the cost per pound of nitrogen reduced is $46,000/lb/yr. 
According to stormwater engineer Sally Hoyt, potential projects in the ESD portfolio 
have nitrogen loading reduction values ranging between $4,000/lb/yr and $40,000/lb/yr 3. This 
value is only slightly outside the current project range. Nitrogen loading reductions provided by 
the 76 kgal system appear to be of comparable costs to reductions by other potential projects.   
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Benefits 
In most rainwater harvesting systems, initial costs are recovered through water savings. 
Because the arboretum draws from a University owned well, no cost savings arise through the 
replacement of conventional well water. Additionally, UNC does not see any direct financial 
compensation for reducing downstream nutrient loading. However, many benefits of a rainwater 
harvesting system are intangible. UNC is committed to grow in a sustainable fashion. By 
replacing half of the arboretum’s irrigation demand with an alternative, nonconventional 
resource, part of UNC becomes less susceptible to drought. Yet it remains incredibly difficult to 
price intangible benefits relating to campus sustainability. From a financial standpoint, 
implementing a rainwater harvesting system to satisfy arboretum irrigation demand and reduce 
downstream nutrient loading is not attractive.  
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CHAPTER 5 : CONCLUSION 
Due to a lack of financial benefits, implementing a rainwater harvesting system to satisfy 
arboretum irrigation demand and reduce downstream nutrient loading is not financially 
attractive. Although, the proposed rainwater harvesting system does offer many nonfinancial 
benefits. The 76 kgal proposed system is expected to cost $575,000 over the anticipated 50 year 
life and is able to offset nearly 50% of the arboretum’s expected annual irrigation demand 
through captured runoff. While the system struggles to replace demand during summer months, 
it is an effective means of offsetting conventional well use overall. Although the well does not 
commonly suffer from excessive drawdown, the existing water supply is vulnerable to prolonged 
drought. An alternative water source can help mitigate drought impacts. The system is also able 
to return the drainage area to predeveloped conditions for 24hr storms with return periods less 
than or equal to 25 years. Finally, the cost of reducing downstream nitrogen loading is roughly 
$46,000/lb. This number is comparable to other proposed projects in the ESD stormwater 
portfolio which range from $4,000/lb-$40,000/lb.  
Lastly, the report by RK&K and Biohabitats Inc. proposed roughly 150 kgal of 
subsurface storage is necessary to solve the flooding issues near the well pump house15. 
Although the proposed 76 kgal only provides half of the recommended storage, for the purposes 
of replacing arboretum demand and reducing downstream nutrient loading, it is much more 
economically efficient than systems larger than 150 kgal. It is important to note that no matter 
the system size, there will be no monetary benefits to help recover initial costs. Before any action 
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is taken with regards to rainwater harvesting, it is recommended that additional subsurface 
studies be carried out in the flooding area. The origin of the 150 kgal of storage, proposed by 
RK&K, required to address the flooding issue is unknown and has not been validated. Further 
studies should be transparent and examine the exact storage requirements necessary to solve the 
flooding problem near the west entrance of the Coker Arboretum. Once the exact storage 
capacity needed to solve the flooding problem is determined, this study should also investigate 
the flood control performance for a variety of storage capacities below this calculated volume. It 
is possible that system performance may plateau, just as percent annual usage replace did in this 
analysis, and highlight the appeal of smaller systems. 
 As mentioned earlier, additional BMPs such as bioretention and vegetated swales may be 
attractive options as well and may be used in combination with underground storage. The 
impacts of several BMPs on flood mitigation should be examined further. It is possible that 
combining a 76 kgal rainwater harvesting system with supplementary flood mitigation strategies 
can be a much more cost effective and sustainable solution to the flooding problem than the 
installation of larger underground storage or pipe replacements.  
Ultimately, stormwater drainage performance as well as reuse and nutrient reduction 
performance must be examined together. This report gives a summary of impacts on reuse and 
nutrient reduction and recommends the most cost effective system for performance in these 
categories. However, stormwater drainage performance of these underground storage systems 
was outside the scope of this project. Should this be investigated, historic rainfall data at a 
smaller time step will be required. Before UNC chooses a course of action, specific drainage 
analysis should be done to gain a complete understanding of the ability of underground storage, 
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as well as other BMPs, to mitigate flooding, replace arboretum demand, and reduce downstream 
nutrient loading.  
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APPENDIX A: SCS METHOD 
 
Predeveloped and post-implementation runoff values were found through the SCS 
method. This method is described in full in the United States Department of Agriculture Natural 
Resources Conseration Service report titled “Urban Hydrology for Small Watersheds: TR-55”. 
The curve number is represetntative of the ground cover for each hydrologi soil group. Areas of 
uniform ground cover select the appropriate curve number for the type of soil and cover. Table 
A.1 displays curve numbers and is taken directly from TR-55.  
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Table A.1: Curve numbers for various ground covers14 
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 Areas with multiple cover types use a weighted approach based on the percentage of area 
with a certain cover to calculate the total equivalent curve number. Equation A-1 relates S, the 
potential maximum retention after runoff beings, to the curve number, CN 14.  
 𝑆 =  
1000
𝐶𝑁
− 10      (A-1) 
  
Equation A-2 relates CN and S to the runoff in inches, Q 14.  
𝑄 =
(𝑃−0.2𝑆)2
(𝑃+0.8𝑆)
       (A-2) 
 
Here, P is the rainfall measured in inches for the storm in question. Table A.2 is taken 
from NOAA’s National Weather Service Hydrometeorlogical Design Studies Center 
Precipitation Frequency Data Server for station Chapel Hill 2W at 400 Jones Ferry Road in 
Carrboro, North Carolina.  
 
  Table A.2: Rainfall in inches for various storms as determined by NOAA for station Chapel Hill 2W11 
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